The [FeFe] hydrogenase from Clostridium pasteurianum (CpI) harbors four Fe−S clusters that facilitate the transfer of an electron to the H-cluster, a ligand-coordinated six-iron prosthetic group that catalyzes the redox interconversion of protons and H 2 . Here, we have used 57 Fe nuclear resonance vibrational spectroscopy (NRVS) to study the iron centers in CpI, and we compare our data to that for a 4,5 Furthermore, hydrogenases are appealing for their potential application as enzymes themselves 6,7 and as inspirational targets for the design of biomimetic H 2 catalysts. 8, 9 In the class of [FeFe] hydrogenases, the H 2 redox chemistry occurs at the H-cluster. As shown in Figure 1 , the H-cluster is located within the H-domain of the enzyme, and it consists of a catalytic [FeFe] 
Fe nuclear resonance vibrational spectroscopy (NRVS) to study the iron centers in CpI, and we compare our data to that for a [4Fe-4S] ferredoxin as well as a model complex resembling the [2Fe] H catalytic domain of the H-cluster. To enrich the hydrogenase with 57 Fe nuclei, we used cell-free methods to post-translationally mature the enzyme. Specifically, inactive CpI apoprotein with 56 Felabeled Fe−S clusters was activated in vitro using 57 Fe-enriched maturation proteins. This approach enabled us to selectively label the [2Fe] H subcluster with 57 Fe, which NRVS confirms by detecting 57 Fe−CO and 57 Fe−CN normal modes from the H-cluster nonprotein ligands. The NRVS and iron quantification results also suggest that the hydrogenase contains a second 57 Fe−S cluster. Electron paramagnetic resonance (EPR) spectroscopy indicates that this 57 Fe-enriched metal center is not the [4Fe-4S] H subcluster of the H-cluster. This finding demonstrates that the CpI hydrogenase retained an 56 Fe-enriched [4Fe-4S] H cluster during in vitro maturation, providing unambiguous evidence of stepwise assembly of the H-cluster. In addition, this work represents the first NRVS characterization of [FeFe] hydrogenases. H ydrogenases are metalloproteins that have unique ironbased cofactors capable of catalyzing the redox interconversion of H 2 and protons. These enzymes have attracted interest not only for elucidating microbial evolution and physiology 1−3 but also for engineering renewable H 2 production technologies.
4,5 Furthermore, hydrogenases are appealing for their potential application as enzymes themselves 6, 7 and as inspirational targets for the design of biomimetic H 2 catalysts. 8, 9 In the class of [FeFe] hydrogenases, the H 2 redox chemistry occurs at the H-cluster. As shown in Figure 1 , the H-cluster is located within the H-domain of the enzyme, and it consists of a catalytic [FeFe] [FeFe] hydrogenases also have ancillary Fe−S clusters that are involved in the transfer of an electron to and from the H-cluster. 12 In the particular case of the monomeric HydA hydrogenase from Clostridium pasteurianum, commonly termed CpI, the F-domain electron transport chain consists of three [4Fe-4S] clusters as well as a [2Fe-2S] cluster ( Figure 1 ). 11 Unlike [4Fe-4S] and [2Fe-2S] clusters that are generally synthesized by host cell iron−sulfur cluster machinery, the [2Fe] H subcluster is made by three Fe−S accessory proteins called HydE, HydF, and HydG. 12, 13 Currently, it is not entirely understood how the [2Fe] H subcluster is assembled by these three Hyd maturases. Recent reports have shed light on the biosynthetic reaction sequence, mainly from in vitro studies focusing on characterizing the biochemistry of the Hyd proteins.
14−17 For example, it has been suggested that HydF transfers the [2Fe] H subcluster to the [4Fe-4S] H -containing hydrogenase apoprotein, thus producing the active enzyme. 18 Equally important to unraveling how the H-cluster is assembled will be to understand its structural and electronic transformations among the different redox configurations, which is crucial for establishing the catalytic cycle of the H-cluster. [FeFe] hydrogenases have been extensively characterized by X-ray crystallography and various advanced spectroscopies, and at least seven different H-cluster substates have been observed. 19−21 Quantum and molecular mechanics (QM/MM) calculations combined with density functional theory (DFT) have provided further insights into the catalytic cycle between various redox configurations such as the oxidized (H ox ) and reduced (H red ) states, 22 yet it has been challenging for researchers to develop synthetic catalysts that function like and as effectively as [FeFe] hydrogenases, due in part to a poor mechanistic understanding of how the H-cluster evolves H 2 . 9 Certainly, elucidating the biosynthetic pathway of the H-cluster and developing functional biomimetic catalysts are areas of active research that would benefit from new approaches to studying [FeFe] hydrogenases. 12, 15, 23 Nuclear resonance vibrational spectroscopy (NRVS) is an exciting and novel approach for investigating the vibrational dynamics of Fe in metalloproteins. 24−26 The fundamental physics of NRVS have been described in detail elsewhere. 27−30 Measurements involve scanning an extremely monochromatic (<1 meV) X-ray beam through a nuclear resonance and recording the vibrational information associated with an 57 Fe nuclear transition via the subsequent Fe K α emission. While the resulting spectrum is similar to an infrared (IR) or resonance Raman (RR) spectrum, 31 different intensity mechanisms apply. Specifically, the NRVS intensity for a particular normal mode is related to the movement of the resonant nucleus (in this case, 57 Fe) along the direction of the incident X-ray beam, 30, 32 and results are generally reported as an 57 Fe-centered partial vibrational density of states (PVDOS). 32−34 With its particular elemental and isotopic specificity, NRVS provides a valuable complement to more conventional spectroscopies. Unlike IR spectroscopy, NRVS does not incur interference from water or protein-based modes. In contrast to RR spectroscopy, NRVS can probe any oxidation state and is impervious to sample fluorescence.
In 
■ MATERIALS AND METHODS

Preparation of Aqueous 57
Fe. All steps were performed in a fume hood. Solutions were constantly stirred and chilled using ice baths. To prepare ∼80 mL of 65 mM 57 Fe (final pH of ∼1), The CpI enzyme was post-translationally activated using previously described methods for cell-free synthesis of the H-cluster and hydrogenase maturation. 15 In general terms, the in vitro maturation reaction mixture is a combination of inactive CpI apoprotein, extrinsic low-molecular weight substrates, and three E. coli lysates containing the HydE, HydF, and HydG maturases. Specifically, in vitro CpI maturation reaction mixtures (60 mL) contained 3 mL of HydE 57 Fe as described above, 1 mM sodium sulfide, 1 mM DTT, 2 mM S-adenosylmethionine, 2 mM L-cysteine, 2 mM L-tyrosine, 15 mM GTP, 1 mM pyridoxal 5′-phosphate, 2 mM sodium dithionite, and 300 mg/L purified and desalted CpI apoenzyme (5 μM). After anaerobic incubation for 24 h at 23°C, reaction mixtures were clarified at 20000g for 10 min to remove precipitate that formed during the reaction. Prior to the purification step, the pH of the clarified reaction mixture was adjusted to 7.5 using 1 M HEPES buffer (pH 8.2). Active CpI was isolated using StrepTactin Superflow high-capacity resin (IBA GmbH), and the purified holoenzyme was concentrated to 25−50 μM using a stirred cell with a 5 kDa membrane (Amicon). Active CpI was further concentrated to ∼3 mM and a final volume of 75 μL using 30 kDa centrifugal filters (Amicon). The concentrated CpI . CpI specific activities were measured using a methyl viologen activity assay. 15 Protein concentrations were determined using the Bradford method 38 along with a conversion factor specific to the CpI enzyme for dye-based assays. 39 A ferrozine-based colorimetric assay was used to measure iron content. 36 NRVS Measurements. NRVS measurements were recorded using previously described methods. 30 The raw NRVS data were analyzed with PHOENIX 40 to extract the single-phonon 2− model complexes were measured at beamline 3-ID at the Advanced Photon Source (APS) (resolution of ∼1.0 meV, beam flux of ∼3.2 × 10 9 photons/s). 42 The samples were measured at low temperatures using a similar liquid helium cryostat. The packed and sealed powder samples were mounted onto the cryostat base with two to four screws. Actual sample temperatures were ∼75 K as obtained from the spectral imbalance analysis. The Fe emission was recorded with a single 1 cm 2 square APD, and measurements were taken with ∼0.25 meV steps. The resonance peak intensities were 1100 and 1700 counts/s for the natural abundance CN and 13 CN-labeled model compounds, respectively.
EPR Spectroscopy. EPR measurements were performed at the CalEPR Center in the Department of Chemistry at the University of California (Davis, CA). Continuous-wave (CW) spectra were collected at an X-band frequency (9.39 GHz) with either a Bruker Biospin ECS106 spectrometer or a Bruker Biospin Elexsys E500 spectrometer equipped with a cylindrical TE 011 -mode resonator (SHQE-W), an ESR-900 liquid helium cryostat, and an ITC-5 temperature controller (Oxford Instruments). Unless otherwise noted, measurement parameters were as follows: 15 K, 62 μW microwave power, 0.5 mT modulation amplitude, 81.9 ms time constant, and 81.9 ms conversion time. Intensities were normalized to the temperature, time constant, receiver gain, number of scans, modulation amplitude, and square root of the microwave power. Simulations were performed using MatLab and EasySpin. 43 and the model complex (CCDC entry ODEDUW) with the following color scheme: brown for Fe, yellow for S, gray for C, green for 13 C, red for O, blue for N, and magenta for unknown. Molecular graphics were generated using UCSF Chimera. region, the model compound exhibits a complex vibrational density of states pattern that we assign to both Fe−CO stretching modes [ν(Fe−CO)] and Fe−CO bending modes [δ(Fe−CO)], which are generated by two pairs of cis-CO ligands in inequivalent geometries. Similar patterns of ν(Fe−CO) stretches and δ(Fe−CO) bends were observed from 450 to 700 cm −1 for the Hmd hydrogenase as well as a cis-(CO) 2 ligated model complex, Fe(S 2 C 2 H 4 )(CO) 2 (PMe 3 ) 2 . 24 It is known that there are significant differences in the dynamics of Fe−CO and Fe−CN moieties. For example, strong back-bonding in the Fe−CO moiety favors a linear Fe−C−O geometry and pushes the δ(Fe−CO) bends to higher frequencies than the ν(Fe−CO) stretches. 46 Our DFT calculations for the model complex support this finding (Supporting Information). Specifically, the 512 and 558 cm −1 ν(Fe−CO) bands are mainly from symmetric and asymmetric stretching motions, respectively, while the weak 584 cm −1 shoulder and strong 637 cm −1 band are mainly from in-plane and out-of-plane δ(Fe−CO) bending motions, respectively.
■ RESULTS
In Vitro
Turning to the 57 Fe PVDOS for the CpI 25, 45 In the higher-energy portion (500−700 cm −1 ), strong bands are shown at 528, 560, 585, and 604 cm −1 . On the basis of our analysis for the model compound, we assign these four strong bands as Fe− CO vibrations. We further propose the assignment of the 528 and 560 cm −1 peaks as mainly ν(Fe−CO) stretches, and the 585 and 604 cm −1 pair of peaks as mainly δ(Fe−CO) bends. Contrary to the Fe−CO moieties, weak back-bonding interactions exist with the Fe−CN moieties, resulting in a more nuanced situation in which either Fe−CN bond stretching or bending motions can be at the higher frequency, and in which there is likely extensive mixing. 47 hydrogenase were broader as a result of the hyperfine couplings that derive from the integrated 57 Fe nuclei. Specifically, the half-width at half-height (HWHH) at the g 1 tensor is 0.58 mT (Figure 4) N commonly involves growing a microorganism on growth medium supplemented with a substrate containing the particular isotopic element. 48 For the case of labeling Fe−S clusters, exogenous 57 Fe can be added to the cell culture, and the host cell iron−sulfur cluster machinery will ubiquitously assemble 57 Fe−S clusters onto proteins that coordinate these metal centers. Nevertheless, global enrichment of a single protein is often undesirable if numerous isotopic nuclei will lead to confounding experimental results. Targeted isotopic enrichment is far more challenging and, ultimately, requires a method in which there is precise control over the biochemical process that involves the incorporation of the isotopic element.
In vitro systems offer unique opportunities to label proteins with a variety of non-natural or isotopic elements. For example, cell-free protein synthesis platforms can be used to incorporate amino acid isotopologs, 51, 52 or even non-natural amino acids, 53 either globally or at selected sites within a polypeptide chain. However, unlike protein translation with its generalized machinery, post-translational processes commonly require specialized accessory proteins. Incorporating isotopically enriched metal clusters and other cofactors during a particular posttranslational reaction likely necessitates an in vitro system in which the biochemical pathway has been reconstituted. Interestingly, we have developed a cell-free system in which the [2Fe] H subcluster can be synthesized and transferred to the hydrogenase in a reaction sequence that is distinctly separated from protein translation. 15 As we have shown in this study, the precise control of both the maturases and the low-molecular weight substrates allowed us to design a cell-free reaction mixture that synthesized an 57 Fe-labeled [2Fe] H subcluster onto a hydrogenase apoprotein containing 56 Fe-labeled Fe−S clusters. We then utilized two spectroscopic techniques to probe and characterize the [FeFe] hydrogenase, and our results confirm the incorporation of 57 Fe into the enzyme's active site metal center. Specifically, we used NRVS to assign various normal modes for the hydrogenase by comparing the ) is distinct from the region with Fe−S vibrational modes. This fortuitous circumstance simplifies the characterization of modes that come from the nonprotein ligands of the H-cluster. The clear observation of Fe−CO and Fe−CN normal modes in this work demonstrates that NRVS is another capable approach to studying [FeFe] hydrogenases. More interestingly, our results establish precedence for future NRVS studies for probing bound hydrides (i.e., Fe−H and Fe− 2 H modes). This will be crucial for understanding the mechanism of hydrogen activation and for developing synthetic catalysts that function like the H-cluster. In addition, spectral simulations along with isotopic labeling of the [2Fe] H subcluster using 13 C, 15 N, 18 O, and 36 S could help definitively assign the Fe− S, Fe−CO, and Fe−CN normal modes. The in vitro system used in this work has proven to be effective for the synthesis of the [2Fe] H subcluster with isotopically labeled substituents. 15 In our previous study, we demonstrated the cell-free production of 13 57 Fe-enriched cell-free maturation reaction, we provide unequivocal evidence that supports a stepwise maturation sequence postulated by Mulder and co-workers. 18 In their study, X-ray crystallography of the Chlamydomonas reinhardtii HydA1 hydrogenase revealed a cationic channel associated with the [4Fe-4S] H -containing apoprotein. The authors suggested that HydF transfers the [2Fe] H subcluster through the channel to the H-domain, which is followed by a conformational change that leads to an active hydrogenase devoid of the channel.
CO
It could be expected that the enclosed nature of the H-domain would necessitate the assembly of the [4Fe-4S] H subcluster before the activation reaction, perhaps prior to or during protein folding. In contrast to the H-cluster, the N-terminal domain ancillary clusters are more accessible to the intracellular environment. It seems possible that one of the iron centers is fairly unstable, and thus labile before or during the purification process. The similarities and differences among the three F-domain accessory 
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